Comprehensive analysis of the Arabidopsis genome revealed a total of 13 sHsps belonging to 6 classes defined on the basis of their intracellular localization and sequence relatedness plus 6 ORFs encoding proteins distantly related to the cytosolic class CI or the plastidial class of sHsps. The complexity of the Arabidopsis sHsp family far exceeds that in any other organism investigated to date. Furthermore, we have identified a new family of ORFs encoding multidomain proteins that contain one or more regions with homology to the ACD (Acd proteins). The functions of the Acd proteins and the role of their ACDs remain to be investigated.
INTRODUCTION
The small Hsp (sHsp), or Hsp20, family of heat stress proteins is a nearly ubiquitous family of stress proteins that range in size from approximately 16-42 kDa. This diverse family of proteins, which includes the ␣-crystallin proteins (Acd proteins) of the vertebrate eye lens, is defined by a conserved C-terminal domain of approximately 90 amino acids referred to as the ␣-crystallin domain (ACD) . The ACD is flanked by an Nterminal domain and a short C-terminal extension Caspers et al 1995; Waters et al 1996; MacRae 2000) . The sHsp N-terminal domains show no sequence conservation, except between evolutionarily closely related proteins. The sHsp family is, therefore, different from the Hsp70 and Hsp90 chaperone families, in which sequence identity, even between prokaryotic and eukaryotic members, is significant throughout the protein. Another defining feature of the sHsps is that, with few exceptions, all members of the family form homo-oligomeric complexes of 200-750 kDa (9 to Ͼ24 subunits), with the size dependent on the specific protein (Chen et al 1994; Correspondence to: Klaus-Dieter Scharf, Tel: 49-69-798-29285; Fax: 49-69-798-29286; E-mail: scharf@cellbiology.uni-frankfurt.de. 1995; Ehrnsperger et al 1997 Ehrnsperger et al , 1999 Helm et al 1997; Kirschner et al 2000) .
Plants are characterized by an unusual complexity of heat stress-inducible proteins belonging to the sHsp family. Plant sHsps appear to have evolved independently after the divergence of plants and animals (Waters 1995; de Jong et al 1998) . Although in other organisms sHsps are found in the cytoplasm under most conditions, and at times in the nucleus, plants express both cytosolic sHsps and specific isoforms targeted to intracellular organelles. There are at least 2 forms of sHsps in the cytosol, referred to as class I and class II proteins (Vierling 1991) , which share only approximately 50% identity in the ACD and are estimated to have diverged more than 400 million years ago . Three separate gene families have been described that encode mitochondrial, plastidial, and endoplasmic reticulum-localized sHsps, each with appropriate organelle-targeting signals. The organelle sHsp forms appear to be unique to plants, with the exception of Hsp22 in Drosophila, which was recently reported to be located in mitochondria (Morrow et al 2000) .
Recent solution of the structure of Hsp16.5 from Methanococcus jannaschii at 2.9-Å resolution has provided gen- Sequence comparison of sHsps. Arabidopsis (At) and selected representatives of the sHsp family from tomato (Lp), pea (Ps), and wheat (Ta) are included. A color code marks sequence motifs conserved among the members of a given class or for all sHsps. Putative cleavage sites for removal of the targeting peptides of the organelle proteins (classes P, ER, and M) are indicated by arrows. The Met bristle was defined as a unique, methionine-rich sequence motif characteristic for all plastidial sHsp (Chen and Vierling 1991) . Closed arrowheads point to the positions of introns in the ORF coding sequences. The ACD (yellow color code) comprises 2 homologous regions, consensus region II and I, separated by a linker, which is more variable in sequence and size. In the corresponding vertebrate genes, homologous regions II and I are encoded by 2 separate exons. Potential positions of secondary structural elements are indicated above the alignment based on positions of these elements in M jannaschii Hsp16.5. The conserved sequence motif, basic-x-I/V-x-I/V, which is partially involved in formation of the C-terminal ␤-strand (␤10) is underlined for each class of sHsps.
eral insight into the organization of sHsp monomers and oligomers (Kim et al 1998a) . The ACD consists of a ␤-sandwich of 2 antiparallel ␤-sheets similar to the fold of the unrelated Fc fragment of immunoglobulin, although the exact folding topology is different (Deisenhofer 1981) . The dominant ␤-structure of the sHsps was previously predicted from circular dichroism (C.D.) spectroscopy (Merck et al 1993; Dudich et al 1995; Sun et al 1997) , secondary structure analysis of sHsp sequences (Caspers et al 1995; de Jong et al 1998) , and site-directed spinlabeling studies (Berengian et al 1999; McHaourab et al 2000) . This same ␤-sandwich fold is predicted to be present in all sHsps, and the putative location of ␤-strands in Arabidopsis and other plant sHsps are indicated in the alignment in Figure 1 .
In M jannaschii the Hsp16.5 monomers form a 24-subunit, hollow spherical oligomer with an outer diameter of 120 Å and an inner diameter of 65 Å . Virtually the entire N-terminal domain (32 residues) of the proteins was disordered and not resolved. These 32 N-terminal residues (approximately 20% of the protein mass) could fill a significant portion of the interior space, and therefore the size of this space is debated. The basic building block of the M jannaschii oligomer is a dimer, another structural feature that is likely to be conserved in the plant sHsps. Within the resolved structure, the dimer interface has the strongest and most extensive contacts within the oligomer, being stabilized by both intermolecular hydrogen bonds and extensive hydrophobic contacts. The interface contacts comprise primarily an extended loop that forms the ␤6-strand, which binds antiparallel to ␤2 to extend one of the ␤-sheets in the ␤-sandwich fold. This loop region shows limited sequence conservation, but is primarily hydrophilic and capable of forming the necessary ␤-strand in all plant sHsps.
Interactions of the C-terminal extensions are critical in stabilizing the M jannaschii Hsp16.5 oligomer. A 3-residue ␤-strand (␤10) in the C-terminus extends the ␤-sheet of another dimer by binding to ␤4. The ␤10-strand is part of a conserved sequence motif recognized by de Jong et al (1998), basic-x-I/V-x-I/V, which is present in all 6 defined plant sHsp classes (Fig 1) , suggesting this same contact is involved in formation of the plant sHsp oligomers. In addition to intermolecular hydrogen bonds in this contact, the side chains of the hydrophobic residues in this motif make extensive hydrophobic contacts with a hydrophobic groove formed by strands ␤4 and ␤8 on one monomer of the interacting dimer. Recent solution of the structure of wheat Hsp16.9 (van Montfort et al, in preparation) will add considerably to our detailed understanding of plant sHsp structure and test current structural predictions.
Almost all sHsps function as chaperones in vitro to prevent irreversible protein aggregation and insolubilization and to interact otherwise with nonnative proteins in an adenosine triphosphate (ATP)-independent fashion (Horwitz 1992; Jakob et al 1993; Knauf et al 1993; Merck et al 1993; Lee et al 1995; Plater et al 1996; Kim et al 1998b) . Early studies with crude cell protein fractions from plants suggested that sHsps could protect other proteins from heat-induced insolubilization (Jinn et al 1989) . Very likely, sHsps function in the chaperone network to maintain denatured proteins in a folding competent state (Ehrnsperger et al 1997; Lee et al 1997) . Substrate renaturation requires interaction with the Hsp70 chaperone system and ATP (Forreiter et al 1997; Leroux et al 1997; Veinger et al 1998; Lee and Vierling 2000) . Interaction with substrate appears to involve heat-induced exposure of hydrophobic-binding sites on the sHsp subunits , which occurs because of heat-induced oligomer dissociation or increased subunit exchange rates (Bova et al 1997 (Bova et al , 2000 Ehrnsperger et al 1999; Haslbeck et al 1999) . The sHsp complexes with denatured protein then reassembles into a larger complex, and reassembly may be critical for proper activity. This striking reorganization during stress may also initiate the assembly of cytosolic, multichaperone complexes, comprising 40-nm heat stress granules, which are found in heatstressed plant cells (Nover et al 1983 (Nover et al , 1989 Kirschner et al 2000) . Full understanding of the importance of sHsp chaperone activity to plant stress tolerance will require identification of the critical substrates protected by these proteins.
MEMBERS OF THE ARABIDOPSIS sHsp FAMILY
Searching the Arabidopsis genome revealed 19 open reading frames (ORFs) encoding proteins related to the previously characterized 5 classes of sHsps in plants (Vierling 1991; Waters et al 1996) , of which 8 had already been cloned and characterized (see references given in Table  1 ). Details of the size, properties, and references to accession numbers and publications are compiled in and Figure 1 . The classification is based on the intracellular localization of the sHsps in the cytoplasmic-nuclear compartment (classes CI and CII), plastids (class P), endoplasmic reticulum (class ER), and mitochondria (class M). From the sequence comparison in Figure 1 , which also includes selected representatives from other plants, it is evident that this classification is reflected also by characteristic sequence motifs found primarily in the Nterminal domain and C-terminal extensions. In addition, class-specific features of the ACD are also notable. There are 6 proteins of cytosolic class CI and 2 proteins of class CII. One representative each of the sHsp family is targeted to the chloroplasts and endoplasmic reticulum, and 2 are targeted to mitochondria. In addition, there is one protein (number 15 in Table 1 ) distantly related to class CII proteins, which we designated class CIII. A closely related member of this class was found in tomato by yeast 2-hybrid screening using a class CI sHsp as bait. It has unique properties, because it interacts with both class CI and class CII sHsps in the yeast 2-hybrid system, and it is preferentially localized in the nucleus (K. D. Scharf et al, in preparation). These 13 core members of the sHsp family are closely related to similar proteins from other plants (Figs 1 and 2 ). Six additional sHSPs included in Table 1 (numbers 30 to 35) and Figure 2 are more distantly related (Figs 2 and 4), but also appear to be bona fide members of this protein family. The number of sHsps found in different organisms varies significantly. Prokaryotes contain 1 or 2 sHsps, except species of Rhizobium, some of which have at least 10 shps (Munchbach et al 1999) . Saccharomyces cerevisiae has 2 shsps encoding Hsp26 (Petko and Lindquist 1985) and Hsp42 (Wotton et al 1996) , one of the largest family members. In humans, only 5 sHsps, including ␣A and ␣B-crystallin (de Jong et al 1998), were described, until recently when 4 additional transcribed sequences were identified (Boelens et al 1998; Suzuki et al 1998; Krief et al 1999; W. de Jong, personal communication) . Caenorhabditis elegans has 16 proteins classified as sHsps (Ding and Candido 2000) and Drosophila melanogaster has 12 (Sébas-tien et al 2001).
A NEW FAMILY OF PROTEINS WITH ACDs (Acd PROTEINS)
An interesting new group of proteins is represented by 25 ORFs in the Arabidopsis genome encoding proteins with one or more ACDs. They are compiled in Table 2 as Acd proteins specified with numbers derived from their molecular weights. Although they are unrelated to the 6 classes of sHsps defined herein, it is an intriguing observation that a structural motif related to the ACD may be functional also in other proteins. Unfortunately, our knowledge about this new class of proteins is very lim- Table 1 . Proteins belonging to the 6 classes of sHsp are marked by shaded areas. The 6 proteins (numbers 30 to 35 in Table 1 ) with a more distant relationship to class CI and class P are clearly separated from the others.
ited. However, 3 examples indicate that this family deserves special attention.
One Acd protein (RTM2 equals AtAcd41.3 in Table 2 ) was recently characterized as an essential component of a specific resistance mechanism against systemic spreading of tobacco etch virus in Arabidopsis (Whitham et al 2000) . In addition to the N-terminal ACD, the RTM2 protein contains a central region with highly charged repeat motifs and a long C-terminal domain with a putative membrane-spanning domain. The RTM2 defect in the Arabidopsis mutant used for cloning of the gene is due to a point mutation introducing a stop codon in the ACD. The RTM2 protein is not heat shock inducible, and the rtm2 mutant plants are not impaired in their thermotolerance. The authors hypothesize that RTM2 has no typical chaperone function but rather functions as part of a localized high-molecular-weight complex restricting virus movement.
Another intriguing group in the Acd family is represented by Acd55.2 and Acd44.3 (numbers 18 and 19 in Table 2 ). They belong to the growing number of ARID proteins (ARID indicates AT-rich interaction domain, also called BRIGHT domain), which are DNA-binding proteins with a helix-turn-helix motif (Tucker et al 2000) . Some of them were characterized as developmental regulators in D melanogaster and mammals (Tucker et al 1995; Treisman et al 1997) . In addition, the p270 subunit of the SWI-SNF chromatin remodeling complex is a member of the ARID protein family (Kobayashi et al 2000) . Two additional ARID proteins in the Arabidopsis genome (acces- Gene numbers refer to the MIPs database (see also legend to Table 1 ).
d Protein accession number refers to an ORF that is different to that predicted by the assignment of the corresponding chromosomal DNA. In case of At-Acd44.3 (number 19), the ORF was corrected according to a corresponding expressed sequence tag (accession number AV441277).
e Acd proteins with ARID domain (see text for explanation). The ARID domain in Acd55.2 comprises aa residues 138-263, and in Acd44.3, aa residues 103-190.
Fig 3.
Promoter architecture of Arabidopsis genes encoding sHsps with respect to the positioning of HSE clusters. For orientation and positioning of the putative TATA box, we used the well-defined start site of the ORFs and the data for genomic clones with experimentally defined transcription start sites. These are Hsp17.4-CI and Hsp18.1-CI (Takahashi and Komeda 1989) and Hsp25.3-P (Osteryoung et al 1993) . Symbols are explained at the bottom of the figure. Numbers on the left refer to the corresponding numbers in Table 1 . 455 ( Table 1 . b (C), coding sequence complementary to the given database entrance. c Sources of RNA were exclusively from non-heat shock material: DS, dry seeds; GS, green siliques ; FB, flower buds; IF, inflorescence tissue; L, leaves; M, mixed pool of RNA (Newman et al 1994) .
sion numbers AAF17649 with 338 amino acid residues and AAF40449 with 448 amino acid residues) have no ACD but an HMG box in their C-terminal parts.
The first examples of proteins with multiple ACDs were 2 major egg protein antigens of Schistosoma mansoni with 40 kDa and 2 ACDs (Nene et al 1986) . Later, they were characterized as soluble Ca 2ϩ -binding proteins (Moser et al 1992) . Similar to some members of the Arabidopsis Acd proteins, their duplicate ACDs are separated by a short proline-rich linker. Particularly interesting in this group of Arabidopsis Acd proteins is Acd114.3 (number 25 in Table 2 ) with 3 ACDs linked to a N-terminal domain exhibiting high-sequence homology to the tobacco protein CND41. This protein was described before as a chloroplast nucleoid DNA-binding protein (Nakano et al 1997) with aspartic protease activity (Murakami et al 2000) . CND41 might be involved in down-regulation of transcription in chloroplasts.
A detailed sequence comparison and phylogenetic analysis of all proteins contained in Tables 1 and 2 are presented online in the attached material (Figs 4 and 5) .
PROMOTER STRUCTURE AND EXPRESSION OF sHsps
Except for some well-defined developmental stages, eg, during seed maturation (Hightower and Nover 1991; Waters et al 1996; Wehmeyer et al 1996) , sHsps of plants are exclusively found after heat shock induction. We therefore analyzed the putative promoter structures of the genes listed in Table 1 . Because in most cases experimental data about the transcription start site are lacking, we used the ATG start codon of translation as the only reliable point to search upstream for presumptive TATA box and heat shock element (HSE) motifs. The results are summarized in the block diagrams in Figure 3 .
In practically all cases, putative promoter regions are characterized by clusters of HSEs frequently found in plant heat stress genes. These clusters are formed of palindromic repeats of the head (aGAAn) and tail (nTTCt) modules. Frequently, they are imperfect, because defective 5-nucleotide modules are interspersed (shaded blocks in Fig 3) . In agreement with mutational analysis in our and other laboratories (Amin et al 1987; Bharti et al, unpublished data) , modules are considered defective if the invariant G or C (letters underlined) and/or the 2 highly conserved A or T residues (uppercase letters) are lacking (see explanations given in Fig 3) . The importance of such imperfect clusters for the regulatory fingerprint of the heat shock genes was recently demonstrated in our group by a strong synergistic activation of reporter gene expression with a mixture of tomato HsfA1 and HsfB1 (Bharti et al, unpublished data) .
Searching in the Arabidopsis expressed sequence tag (EST) libraries, which were exclusively prepared from non-heat shock tissues, revealed ESTs for practically all cytoplasmic sHsps (Table 3 ). The only exception is Hsp17.6A-CI. Interestingly, no ESTs were found for the plastidial and mitochondrial representatives either. As expected, ESTs encoding class CI and class CII sHsps are detectable in libraries derived from RNAs from flower buds, green siliques, and dry seeds. However, surprisingly, some related ESTs were also found in rosette leaves. It is, of course, an open question, whether the presence of messenger RNAs also correlates with the accumulation of the corresponding proteins, which are usually not detectable in nonstressed leaves.
